pattern is almost always clockwise. We believe that this specific pattern is likely to be due to the effect of the elec tromagnetic fields of the eye on the migrating epithelial cells and present a theory to explain this phenomenon. In 3 eyes of 2 other patients with chronic epitheliopathies we observed a random distribution of cells that did not con form to any specific pattern. We have termed this con dition 'blizzard keratopathy'.
pattern is almost always clockwise. We believe that this specific pattern is likely to be due to the effect of the elec tromagnetic fields of the eye on the migrating epithelial cells and present a theory to explain this phenomenon. In 3 eyes of 2 other patients with chronic epitheliopathies we observed a random distribution of cells that did not con form to any specific pattern. We have termed this con dition 'blizzard keratopathy'.
A whorled or vortex distribution of cells often occurs in the epithelium of corneal grafts. Mackman et al.J reported this observation in 15 patients with full-thickness corneal grafts and called the condition 'hurricane keratitis'. They believed it to be a toxic effect of topically applied dexame thasone. They did not, however, observe this toxicity in post-cataract corneas and therefore suggested that the epi thelium of corneal grafts was highly sensitive to topical Eye (1993) 7,53-58 medication. Using colour specular microscopy, Lemp and Mathers2 studied the epithelial surface of 31 healing cor neal grafts and reported a vortex pattern in 71 % of the eyes studied. They suggested that this was due to the radial movement of epithelial cells between sutures. In their study, corneas of patients with keratoconjunctivitis sicca and neurotrophic keratitis and those of extended contact lens wearers did not show this pattern. It is suggested in the above reports that 'vortex keratopathy' or 'hurricane keratitis' is peculiar to the healing of donor corneal epi thelium following keratoplasty. We report 6 cases of 'hurricane keratopathy' that devel oped in eyes with no previous history of corneal graft sur gery but 5 of which were on long-term topical steroid therapy. We also report our observations in 3 eyes of 2 patients, one with a corneal graft, where a bizarre distri bution of the healing epithelial cells occurred. On the basis of our observations, supported by evidence from the current literature, an explanation for these occurrences is proposed.
PATIENTS
Eight patients, 4 females and 4 males, between the ages of 35 and 82 years, attending the Eye Outpatients' depart ment of the Aberdeen Royal Infirmary, are included in this report. Six of these patients showed a whorled distribution of corneal epithelial cells in their symptomatic eye, on one or more occasions, during the course of their ailment. Clinical details and treatment of these patients are sum marised in Table 1 . The other patients showed an appar ently disorganised, random distribution of the corneal epithelial cells. Clinical details and treatment of these patients are summarised in Table II .
OBSERVATIONS
All 6 patients with 'hurricane keratopathy' showed a clockwise vortex or spiral pattern on the corneal surface. The pattern was always clockwise in both right and left eyes ( Figs. 1 and 2) . The cells that formed the pattern were arranged radially for 2-3 mm at the limbus and then "This patient was on steroid medication intermittently over 16 months with the longest duration being 6 months.
"This patient had recurrent hurricane keratopathy: first whilst being treated for post-operative uveitis and for the second time when she developed herpes zoster kerato-uveitis 1 year following the operation. Patients 1, 2 and 5 also had small central corneal epithelial defects. In all patients the hurricane keratopathy healed between 3 weeks and 6 months after discontinuing steroid medication.
curved to the left. The curve became gradually more pro nounced as the cells spiralled towards the apex of vortex.
Although the fine lines of the vortex pattern were visible by slit lamp examination in all patients, they were best visualised after staining with 1 % sodium fluorescein. The corneal epithelial cells that formed the vortex were high lighted by fluorescein stain, with intervening areas remaining unstained. It was, however, not possible to determine whether the staining was intercellular or whether it was the cells themselves that stained. The stain ing intensity was maximal at the apex of the vortex. In 3 cases there was an epithelial defect at the apex (Fig. I) .
In 5 of the 6 cases with 'hurricane keratopathy' the pat tern became obvious after 4 weeks to 16 months of com mencing topical steroid medication with betamethasone or dexamethasone sodium phosphate. Discontinuation of topical steroids corresponded with a disappearance or attenuation of the keratopathy over 3 weeks to 6 months. The central epithelial defect when present was the first to heal. Resolution of 'hurricane keratopathy' commenced at the limbus and progressed centripetally. The process was not uniform; one area of the cornea cleared considerably while the other still showed remnants of the original whor led pattern (Fig. 3) . The sixth patient, who did not have any steroid medication, wore a hard contact lens for mild keratoconus. His presenting symptom was mild ocular irritation. The whorled pattern, 'hurricane keratopathy', was still present 6 months after his initial presentation. In the other 2 patients similar epithelial cells, high lighted with fluorescein stain, were seen but did not con form to any pattern and were scattered irregularly over the entire surface of the cornea much like 'snow flakes tossed in a blizzard' (,blizzard keratopathy'). A tendency for the cells to be arranged in radial lines or small whorls was apparent (Figs. 4 and 5) .
Symptoms experienced by these patients were prin cipally those of the primary disease condition. However, mild ocular irritation, a foreign body sensation, lacrima tion and photophobia were experienced by patients in the presence of 'hurricane keratopathy' and 'blizzard kera topathy' even when the underlying disease process was quiescent. All patients with ' hurricane keratopathy ' presented here had clockwise whorls. Although never commented upon, illustrations of " hurri cane keratopathy' or "vortex keratopathy ' given by various authors in several publi cations over the years almost always show the direction of the whorl to be clockwise i rrespecti ve of the eye involved.1 2 .
14I S This observation is significant and could
hold the key to understanding the mechanism by which whorled patterns develop.
We propose that the clockwise whorled distribution of corneal epithel ial cells is determined by the electromag netic fields of the eye and occurs during normal corneal epithelial cell turnover. The pattern becomes visible by the deposition of substances in the cells (vortex keratopathy), in which case fluorescein staining does not highlight the whorled pattern; or when the epithelial turnover is exag" gerated, as after corneal grafts or as in the patients described in this study. In the latter situation the pattern is highlighted by fluorescein staining. One possible explana tion for this could be that the rapidly migrating cells do not form tight intercellular adhesions and are outlined with fluorescein stain either singly or in small groups. As early as 1848 Du Bois-Reymondl6 reported that a difference in electric potential of about 6 m V exists between the cornea and the back of the eye. The human eye behaves like a dipole, oriented along its anteroposter ior axis with the cornea positive to the posterior pole.16 Fig. 6(a) illustrates the electric field (E-field) in the eye. The electric fields that the corneal epithelial cells would experience on the corneal surface are illustrated in Fig.  6(b) . Electric and magnetic fields are related. Presence of electric fields gives rise to electric currents in the medium across which the electric field exists. The magnitude of Fig. 5 .
'Blizzard keratopathy' as seen in patient 2 ( Table 11) .
resulting current and its distribution depend on the dimen sions and conductivity of the medium. The distribution of electric current in the eye would be as illustrated in Fig.  7 (a). The corresponding electromagnetic field generated by the current would be distributed as illustrated in Fig.  7 (b), with the magnetic flux lines being clockwise and the flux density gradually increasing from the apex of the cor nea to the periphery (Fig. 7c) . Epithelial cells are known to experience force and movement when placed in an electric field. Nuccitellil7 and Robinsonl8 have shown that many types of cells, including epithelial cells, react to weak direct -current induced E-fields (field strengths as low as 1-10 mY) with a galvanotropic and galvanotaxic response. Galvanotro pism is the polarised shifting of cellular orientation in an E-field whereas galvanotaxis is the migration of a cell in an E-field. These responses are very significantly mani fested during embryogenesis and wound healing.17.18 Soong et al. 19 experimented on cultured corneal epithelial cells and corneal stromal fibroblasts. They demonstrated that galvanotropism and galvanotaxis were manifested in both cell types by elongation of the cell bodies into spin dle-shaped somata that became oriented orthogonally to the E-field lines. Epithelial cells migrated towards the cathode. Given the distribution of E-fields on the corneal surface (Figs. 6 and 7) , corneal epithelial cells would tend to organise in concentric circles (Fig. 8a) . During the heal ing of corneal abrasions or when epithelial cell turnover is otherwise increased the radial centripetal movement of epithelial cells from the limbal stem cell zone on one hand and the tendency of the E-field to organise them in concen-tric circles on the other, would lead to the formation of clockwise whorls.
Several cells and organisms are known to respond to magnetic fields. Such cells and organisms almost uni versally contain magnetite (iron oxide), a ferromagnetic mineral. Magnetotactic bacteria, honey bees, homing pigeons and dolphins' heads contain deposits of magnetite which are believed to be associated with receptors for geo magnetic fields.2(}"23 Mouse adrenal glands are prone to degeneration in magnetic fields and this has been related to the presence of magnetite. 24 Significant amounts of this substance are present in human tissues such as the lungs and adrenals.2s.26 Although studies to demonstrate this substance in human corneal epithelial cells have not been undertaken there is evidence that these cells contain abun dant iron. In a histochemical study Gass27 reported that 'localised iron deposits were present in the epithelium of the paracentral cornea in all the "normal" autopsy eyes and in all but 3 of the 50 eyes with associated pathology.' Iron, like magnetite, being ferromagnetic and a good con ductor of electricity, would also interact strongly with electric and magnetic fields. The presence of intracellular ionic currents and iron ions would render corneal epi thelial cells capable of responding to magnetic and electric fields in similar manner. Galaktionova28 has shown that long-term intermittent exposure to a static magnetic field induced profound phase fluctuations in the mitotic index of murine corneal epithelium. The index normalised rap idly after cessation of exposure. Skrinnik29 has shown that the reparative process of post-traumatic corneal epithelial defects could be hastened and favourably influenced by continuous magnetic field therapy. The electromagnetic field on the surface of the cornea being concentric and clockwise, the combined effect of electric and magnetic fields on centripetally migrating cells would be to arrange them in clockwise whorls (Fig.  8b) .
